STAT proteins mediate angiotensin II-induced production of TIMP-1 in human proximal tubular epithelial cells.
The renin-angiotensin system (RAS) plays an integral role in both cardiovascular and renal homeostasis by influencing blood pressure, fluids and electrolytes, and the sympathetic nervous system [1, 2] . It has been demonstrated that RAS also plays a pivotal role in the progression of renal diseases [3, 4] . Angiotensin II not only stimulates proliferation of renal resident cells, but also promotes accumulation of the extracellular matrix (ECM), leading to glomerulosclerosis and tubulointerstitial fibrosis [3, 4] . Biological actions of the highly active octapeptide, angiotensin II, are mediated mainly through receptor subtype angiotensin II type 1 (AT1), which tightly associates with intracellular signal transduction pathways [5] . Janus kinase-signal transducer and activator of transcription (JAK-STAT), an important signal transduction pathway, has been implicated in some angiotensin IIinduced biological actions [6] .
Angiotensin II has been well known to initiate multiple signaling pathways via its receptors [5] . It has been found that angiotensin II could induce the production of tissue inhibitor metalloproteinase-1 (TIMP-1), an important member of TIMP family, which is responsible for inhibition of matrix metalloproteinases (MMPs), which regulate ECM degradation in rat heart endothelial cells [7] . However, little is known about whether angiotensin II could induce TIMP-1 expression in renal cells and which signaling pathway is involved in angiotensin IIinduced TIMP-1 expression. Angiotensin II has been reported to activate signal transducer and activator of transcription (STAT) and promote proliferation of myocytes and vascular smooth muscle cells (VSMC). Recently we reported that STAT1 and STAT3 mediated thrombin-induced up-regulation of TIMP-1 in human glomerular mesangial cells [8] .
From the above, we hypothesized that the STAT signal pathway is involved in the process of renal tubulointerstitial fibrosis; this present study was designed to further explore whether STAT proteins mediated angiotensin IIinduced expression of TIMP-1 in human renal proximal tubular epithelial cells, and to provide evidence of the STAT signaling pathway in the pathogenesis of renal fibrosis.
METHODS

Cell line and main reagents
Human renal proximal tubular epithelial cell line, HK-2, was an immortalized cell line purchased from American Type Culture Collection (ATCC, CRL-2190) [9] . Rabbit polyclonal STAT1 antibody (Sc-345X), rabbit polyclonal STAT3 antibody (Sc-482X), mouse monoclonal STAT1 antibody (Sc-8394), mouse monoclonal STAT3 antibody (Sc-8095), and monkey anti-rabbit immunoglobulin G (IgG)/horseradish-peroxidase (HRP) (Sc-2757) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Angiotensin II and valsartan were purchased from Amersham Biosciences, Inc. (San Francisco, CA, USA), and PD123319 was purchased from Research Biochemicals International (Natick, MA, USA). Goat anti-mouse IgG/HRP (ZF-0312) was from Zhongshan Biotechnology, Inc. (Beijing, China), and ␥- 
Cell culture
Human renal proximal tubular epithelial cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (vol/vol) fetal calf serum (FCS), 100 L/mL penicillin, 100 g/mL streptomycin at 37ЊC in 5% CO 2 . The cells at 80% confluence were deprived of serum for 12 hours, and then stimulated with angiotensin II in a serum-free RPMI1640 medium for 2 to 3 hours. The final concentrations of angiotensin II were 10 Ϫ9 mol/L, 10 Ϫ8 mol/L, 10 Ϫ7 mol/L, and 10 Ϫ6 mol/L, respectively. The final concentration of valsartan, a specific antagonist of AT1 receptor, was 10 Ϫ6 mol/L, and the final concentration of PD123319, a specific inhibitor of AT2 receptor, was 10 Ϫ6 mol/L. For time course assays, cells were harvested after incubation with angiotensin II (10 Ϫ7 mol/L) for 10, 30, 60, 120, and 180 minutes, respectively.
Antisense oligodeoxynucleotide studies
Phosphorothioated 21-mer oligodeoxynucleotides for STAT1 and STAT3 were synthesized on an Applied Biosystem 394 synthesizer by means of ␤-cyanothylphysphoramidite chemistry to minimize degradation of the oligonucleotides by endogenous nucleases. The antisense oligonucleotides were directed against the translation start site (AUG codon) and surrounding nucleotides of the human STAT1 and STAT3 genes, respectively [10] . The STAT1 antisense oligonucleotide sequence was 5Ј-CCA CTG AGA CAT CCT GCC ACC-3Ј and the corresponding sense oligonucleotide sequence was 5Ј-GGT GGC AGG ATG TCT CAG TGG-3Ј. The STAT 3 antisense oligonucleotide sequence was 5Ј-CCA TTG GGC CAT CCT GTT TCT-3Ј and the corresponding sense oligonucleotide sequence was 5Ј-AGA AAC AGG ATG GCC CAA TGG-3Ј. In addition, the scrambled oligonucleotide sequence was CAA ATG GGC TCC GAC GTC GGT.
In order to evaluate the role of STAT1 and STAT3 in angiotensin-induced TIMP-1 expression, subconfluent HK-2 cells were deprived of serum for 12 hours, followed by changing the medium to serum-free DMEM containing 3 mol antisense oligonucleotides in 10 mg/mL lipofectin and incubated for 10 hours before adding angiotensin II. As control, cells received serum-free DMEM medium containing lipofectin with or without 3 mol/L sense or scrambled oligonucleotides.
Preparation of nuclear proteins
Nuclear proteins were extracted with the method previously described [8] . Briefly, cells were rinsed twice with cold phosphate-buffered saline (PBS), scraped with a rubber policeman, and transferred to microcentrifuge tubes. After a centrifugation at 12,000 rpm for 2 minutes at 4ЊC, the concentrations of the supernatant proteins were determined. Aliquots of the nuclear proteins were stored at Ϫ70ЊC until use.
Electrophoretic mobility shift assay (EMSA)
EMSA was carried out following the method previously described [8] . Briefly, the STAT-binding doublestranded consensus oligonucleotide probe used in this study was m67 (5Ј-CATTTCCCGTAAATC-3Ј), which can bind both STAT1 and STAT3 [11] . The probe was end-labeled with ␥-32P-ATP by T4 polynucleotide kinase (Gibco-BRL, Gaithersburg, MD, USA) according to the manufacturer's protocol. For binding reactions, 50,000 cpm of the end-labeled STAT1-or STAT3-binding probe was incubated with a cocktail of 20 g nuclear proteins in gel shift binding buffer (10 mmol Tris-HCl pH 7.5, 50 mmol NaCl, 4% glycerol, 1.0 mmol MgCl 2 , 5.0 mmol EDTA, 0.5 mmol DTT) and 2 g poly (dI-dC) at room temperature for 30 minutes. EMSAs were performed on nondenaturing 4% polyacrylamide gel in 0.5ϫ Tris-borate EDTA (TBE) buffer at 100 V. Dried gels were subjected to autoradiography at Ϫ70ЊC. For specificity test, unlabeled STAT-binding oligonucleotides at 50-fold molar excess were added 30 minutes before the addition of the labeled. As the negative control, unlabeled nuclear factor kappa B (NFB)-binding oligonucleotides at 50-fold molar excess were also included. For supershift assays, nuclear extracts were preincubated with STAT1 polyclonal antibody or STAT3 polyclonal antibody for 30 minutes on ice before addition of the probe.
Western blotting assay
For analysis of activated STAT proteins, the renal proximal tubular epithelial cells were deprived of serum for 12 hours and, when reaching 80% confluence, challenged with 10 Ϫ7 mol angiotensin II with or without AT1/ AT2 receptor antagonist for 3 hours. The cells were then put on ice, rinsed with ice-cold PBS, and scraped with a rubber policeman from the flasks in 1ϫ sodium dodecyl sulfate (SDS) loading buffer. Supernatants were cleared of cell fragments by centrifugation and protein concentration determined by Coumassie bright blue assay. The sample proteins, or the STAT1/STAT3 phosphorylation positive control (Sc2222, Santa Cruz Biotechnology) was mixed with an equal volume of sample buffer, boiled for 5 minutes, electrophoresed on a 12% SDS-polyacrylamide gel for 60 minutes at room temperature, and transferred to nitrocellulose filters (Amersham Pharmacia Biotech). The membrane was blocked with Tris-buffered saline Tween-20 (TTBS) solution containing 3% bovine serum albumin (BSA), incubated with mouse monoclonal anti-STAT1/3 and rabbit polyclonal anti-STAT1/3, washed in Tris buffered saline with 0.1% Tween (TBST), and incubated with HRP-coupled second anti-mouse (Amersham Pharmacia Biotechnology) or anti-rabbit antibody (Santa Cruz Biotechnology) for 45 minutes in TBST/ 0.05% BSA. Immunoreactive bands were visualized with enhanced chemiluminescence (ECL) system.
For analysis of effects of angiotensin II on TIMP-1 protein expression, cells were harvested after incubation with angiotensin II and/or its receptors' antagonists for 3 hours. As for the effects of STAT1 and STAT3 antisense oligonucleotides on TIMP-1 protein abundance induced by angiotensin II, the cells were incubated in serum-free DMEM medium containing 3 mol antisense oligonucleotides in 10 mg/mL lipofectin for 10 hours before incubation with angiotensin II for 3 hours. As control, the cells were treated with serum-free DMEM medium containing lipofectin with or without 3 mol sense oligonucleotides or scrambled oligonucleotides. The sample protein was mixed with an equal volume of sample buffer, boiled for 5 minutes, electrophoresed on a 12% SDSpolyacrylamide gel for 60 minutes at room temperature, and transferred to nitrocellulose filters (Amersham Pharmacia Biotechnology). The membrane was blocked with TTBS solution containing 3% BSA, incubated with mouse monoclonal antibodies against human TIMP-1 dilution of 1:200 at room temperature for 60 minutes, and binding was detected by the use of HRP-conjugated secondary antibody system.
Laser scanning confocal microscope observation
The experiment was carried out according to the method with modification [12] . Briefly, HK-2 cells were cultured on 8-well chamber slides, deprived of serum for 13 hours after reaching 80% confluence, treated with angiotensin II for 3 hours, then washed in PBS and fixed with 4% paraformaldehyde. After being blocked with 1% BSA in PBS/0.01% saponin, the cells were incubated with mouse anti-STAT1 and anti-STAT3 antibody in PBS in 0.1% BSA/0.1% saponin (1:100 dilution). After washing with PBS in 0.1% BSA/0.1% saponin, the cells were incubated with fluoroscein isothiocyanate (FITC)-labeled goat anti-mouse IgG in PBS with 0.1% BSA/ 0.1% saponin, and observed under a Bio-Rad (Radiance 2000; Bio-Rad, Hercules, CA, USA) laser scanning confocal microscope.
Northern blot analysis of Ang II-induced TIMP-1 mRNA expression
Total RNA was extracted with Trizol reagent (Gibco-BRL) according to the manufacturer's instructions. Briefly, the cells were rinsed with cold PBS solution three times, mixed with 0.8 mL Trizol solution in the flask, stood on ice for 15 minutes, transferred into sterile centrifugation tubes, mixed with chloroform, and centrifuged at 12,000 rpm for 15 minutes at 4ЊC. The upper transparent layer was transferred to another centrifuge tube and mixed with equal volumes of isopropanol, followed by centrifugation again at 4ЊC. The RNA pellets were dissolved in diethyl pyrocarbonate (DEPC)-treated water and quantified with spectrophotometer. Total RNA (20 g) was electrophoresed on 1% agarose gel containing 2.2% formaldehyde and transferred onto nylon membrane (Hybond, Amersham) by capillary blotting, crosslinked in an ultraviolet crosslinker, prehybridized, and then hybridized with 32 P-labeled human TIMP-1 probe. The probe was prepared by reverse transcriptionpolymerase chain reaction (RT-PCR). The primers used for RT-PCR are as follows: human TIMP-1 sense sequence: 5Ј-TTG AAT TCC CAC CAT GGC CCC CTT TGA GCC-3Ј; antisense: 5Ј-GCA GGA TTC AGG CTA TCT GGG ACC GCA-3Ј. The PCR products were purified with glassmilk (Bio-Rad) and identified with DNA sequencing.
Statistics
All data provided were shown as mean Ϯ SD from at least five separate experiments. Differences were evaluated with one way analysis of variance (ANOVA) followed by t test. Statistical significance was defined as P Ͻ 0.05.
RESULTS
Angiotensin II-induced TIMP-1 mRNA expression
Human renal proximal tubular epithelial HK-2 cells constitutively expressed TIMP-1 at both mRNA and protein levels. Angiotensin II increased TIMP-1 mRNA and protein expressions in both dose-and time-dependent manners, which could be inhibited by the AT1 receptor antagonist, valsartan, but not by AT2 receptor antagonist PD123319 ( Figs. 1 and 2 ). Both mRNA and protein expressions of TIMP-1 peaked at 3 hours of incubation in cells treated with 10 Ϫ7 mol angiotensin II (Fig. 2) .
Angiotensin II-stimulated phosphorylation and nuclear translocation of STAT proteins
Western blotting analysis demonstrated that angiotensin II increased the phosphorylation of both STAT1 and STAT3 proteins significantly ( Fig. 3 and 4) . Laser scanning confocal microscopy further showed that nuclear translocations of both STAT1 and STAT3 were increased by angiotensin II (Fig. 5) . The above phosphorylations and nuclear translocations of STAT1 and STAT3 proteins could be suppressed by the AT1 receptor antagonist valsartan, but not by the AT2 receptor antagonist PD123319 (Figs. 3, 4 , and 5).
Angiotensin II-stimulated STAT-DNA binding activity
To explore the possible participation of STATs in angiotensin II-induced TIMP-1 gene expression, EMSA was performed investigating the activity of STAT proteins in human renal proximal tubular epithelial cells treated with or without angiotensin II. The results showed that angiotensin II promoted STAT-DNA binding activity in both dose-and time-dependent manners, and that angiotensin II-induced STAT-DNA binding activity peaked twice at 10 minutes and 120 minutes of incubation, respectively (Figs. 6 and 7) . The outcome of applying cold or mutant competitor probes supported the specificity of the m67 probe used (Fig. 8) . Supershift assay demonstrated that the sis-inducing factor (SIF) bands consisted of both STAT1 and STAT3 proteins (Fig. 9) . Receptor blocking experiments showed that angiotensin II-induced STAT-DNA binding activity could be blocked by the AT1 receptor antagonist valsartan, but not by the AT2 receptor antagonist PD123319 (Fig. 10) . 
Role of STAT 1 and STAT 3 in angiotensin II-induced TIMP-1 mRNA and protein expressions
To further identify the relationship between STAT activity and TIMP-1 expressions of mRNA and protein, inhibitory experiments were carried out in this study. The role of angiotensin II in increasing TIMP-1 expressions of mRNA and protein in human renal proximal tubular epithelial cells was inhibited by preincubation of the cells with STAT1 or STAT3 antisense oligonucleotides. STAT1 or STAT3 sense or scrambled oligonucleotides had no effect on TIMP-1, mRNA, and protein expressions (Fig. 11) . 
DISCUSSION
The kidney is the main organ responsible for homeostasis of fluids and electrolytes in which proximal tubular epithelial cells bear important physiologic functions of reabsorption and secretion [1, 2] . Besides this, renal tubular epithelial cells can express major histocompatibility complex II (MHC II) antigens and participate in inflammation and structure remodeling through production of transforming growth factor-␤1 (TGF-␤1) to promote the transdifferentiation of proximal tubular cells to fibroblasts and accumulation of ECM [13, 14] .
Renal tubular epithelial cells are also able to regulate ECM metabolism by producing both matrix metalloproteinases (MMPs) and TIMPs. Imbalance between MMPs and TIMPs may lead to ECM accumulation under pathophysiologic conditions [15] [16] [17] [18] , among which TIMP-1 is a key inhibitor of MMPs. TIMP-1 can be produced by virtually all mesenchymal tissues, including intrinsic glo- sion can be up-regulated in fibroblasts by a variety of soluble factors, including interleukin-1, tumor necrosis factor, epidermal growth factor, transforming growth factor-␤, phorbol esters, and retinoic acid [22] . TIMP-1 can also be increased by angiotensin II in rat heart endothelial cells [7] . The renin-angiotensin system is tightly correlated with the function of proximal tubular cells [23, 24] . Local RAS exist in proximal tubular cells and regulate the functions of reabsorption and production of TGF-␤1 [25] . Angiotensin II has been well known to initiate multiple signaling pathways via its receptors [26] [27] [28] . However, it is unknown whether angiotensin II could induce TIMP-1 expression in renal cells and which signaling pathway mediated angiotensin II-induced TIMP-1 ex- pression. STAT signal pathway is recently characterized regulating many cellular events triggered by TGF␤, TNF␣, erythropoietin, and interleukins [29] . JAK-STAT is an important signal transduction pathway that can be activated by angiotensin II to promote the proliferation of mesangial cells and muscular cells [12, 30] . We reported that STAT1 and STAT3 mediated thrombininduced up-regulation of TIMP-1 in human glomerular mesangial cells [8] . The present study was designed to further test whether angiotensin II could induce TIMP-1 expression in human renal proximal tubular epithelial cells, and whether this induction is mediated through the STAT pathway.
It has been reported that angiotensin II could stimulate TIMP-1 expression in both cardiac fibroblasts and endothelial cells [7, 31] . Our results demonstrated that angiotensin II up-regulated TIMP-1 gene expression in cultured proximal tubular epithelial cells. This effect was both dose-and time-dependent, which could be blocked by the AT1 receptor antagonist valsartan, but not by the AT2 receptor antagonist PD123319. In addition, we also found that angiotensin II could boost STAT-DNA binding activity in a dose-dependent manner and with a biphasic time course in tubular epithelial cells. It has been reported that granulocyte colony-stimulating factor (G-CSF) could also induce biphasic activation of STAT3 binding to DNA [32] . In addition, angiotensin II has been demonstrated to be able to induce biphasic STAT91-DNA binding in both cardiac fibroblasts and CHO-K1 cells, with initial induction at 15 to 30 minutes, and maximal induction around 2 to 3 hours. The biphasic activation of STAT3-DNA binding activity suggested that the initial stimulus by angiotensin might induce a secondary factor that in turn activates STAT3 [33] . However, the exact mechanisms of biphasic activation remain to be elucidated.
The STATs pathway-regulated gene transcription involves activation by tyrosine phosphorylation of the DNA binding factor SIF in the cytoplasm, its nuclear translocation, and interaction with the regulatory element sis-inducing element (SIE). Wagner et al [34] found that conditioned media from v-sis transformed normal rat kidney (NRK) cells rapidly induced a DNA binding protein which bound to a conserved sequence upstream of the human c-fos gene, and that purified recombinant c-sis/platelet-derived growth factor (PDGF) could induce this binding activity, which they termed SIF. SIF is a complex of proteins containing members of the STAT family of transcription factors [6] . Our data were consistent with both the finding by Omura et al [35] that angiotensin II promoted STAT3 activity through AT1 in myocardium of rats and the finding by Ali et al [36] that angiotensin II promoted STAT1 activity through AT1 in COS-7 cells, but were in contrast to the finding by Seebach et al [12] that angiotensin II promoted STAT1 activity through AT2 in fetal mesangial cells. We recently reported that STAT1 and STAT3 were involved in thrombin-induced expression of TIMP-1 gene in cultured human mesangial cells [8] . In the present study, we further demonstrated that the major DNA-binding components that were involved angiotensin-induced TIMP-1 expression were heterodimers STAT3/STAT1.
CONCLUSION
Our study demonstrated that both STAT1 and STAT3 can be activated by angiotensin II and are involved, at least in part, in angiotensin II-induced TIMP-1 expression in human renal proximal tubular epithelial cells, implicating the potential participation of STAT signaling pathway in the pathogenesis of tubulointerstitial fibrosis.
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